Assembly and Photocarrier Dynamics of Heterostructured Nanocomposite Photoanodes from Multicomponent Colloidal Nanocrystals. by Loiudice, Anna et al.
Lawrence Berkeley National Laboratory
Recent Work
Title
Assembly and Photocarrier Dynamics of Heterostructured Nanocomposite Photoanodes 
from Multicomponent Colloidal Nanocrystals
Permalink
https://escholarship.org/uc/item/5089k8k6
Journal
Nano Letters, 15(11)
ISSN
1530-6984
Authors
Loiudice, A
Cooper, JK
Hess, LH
et al.
Publication Date
2015-11-11
DOI
10.1021/acs.nanolett.5b03871
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
1 
 
Article type: Full Paper 
 
 
Probing interfacial energetics and charge transfer kinetics in semiconductor 
nanocomposites: New insights into heterostructured TiO2/BiVO4 photoanodes 
 
Lucas H. Hess, Jason K. Cooper, Anna Loiudice, Chang-Ming Jiang, R. Buonsanti*, and Ian 
D. Sharp* 
 
Dr. L.H. Hess, Dr. J.K. Cooper, Dr. C.-M. Jiang, Dr. I.D. Sharp  
Joint Center for Artificial Photosynthesis and Chemical Sciences Division, Lawrence 
Berkeley National Laboratory, One Cyclotron Rd., Berkeley, CA 94720, United States 
*Email: idsharp@lbl.gov 
Dr. A. Loiudice, Prof. R. Buonsanti 
Department of Chemical Sciences and Engineering, École Polytechnique Fédérale de 
Lausanne, Sion, CH-1950, Switzerland 
*Email: raffaella.buonsanti@epfl.ch     
 
Keywords: nanocomposites, photoelectrochemistry, interfacial energetics, photocarrier 
dynamics, metal oxides 
 
Abstract 
Heterostructured nanocomposites offer promise for creating systems exhibiting functional 
properties that exceed those of the isolated components. For solar energy conversion, such 
combinations of semiconducting nanomaterials can be used to direct charge transfer along 
pathways that reduce recombination and promote efficient charge extraction. However, 
interfacial energetics and associated kinetic pathways often differ significantly from 
predictions derived from the characteristics of pure component materials, particularly at the 
nanoscale. Here, the emergent properties of TiO2/BiVO4 nanocomposite photoanodes are 
explored using a combination of X-ray and optical spectroscopies, together with 
photoelectrochemical (PEC) characterization. Application of these methods to both the pure 
components and the fully assembled nanocomposites reveals unpredicted interfacial energetic 
alignment, which promotes ultrafast injection of electrons from BiVO4 into TiO2. Physical 
charge separation yields extremely long-lived photoexcited states and correspondingly 
enhanced photoelectrochemical functionality.  This work highlights the importance of probing 
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emergent interfacial energetic alignment and kinetic processes for understanding mechanisms 
of solar energy conversion in complex nanocomposites. 
1. Introduction 
Photoelectrochemical (PEC) systems, in which solar energy is captured and converted into 
stored energy in chemical bonds, offer promise for production of renewable and sustainable 
fuels.[1, 2] Such artificial photosystems are investigated for the generation of hydrogen via 
water reduction or carbon-based fuels via carbon dioxide reduction. These reduction reactions 
often occur at p-type semiconductor photocathodes, a variety of which are actively 
investigated.[3, 4]  Regardless of the desired product, efficient and stable photoanodes are 
required to drive the water oxidation half reaction. These n-type semiconductors must possess 
bandgaps that are suitable for harvesting solar radiation, band edge positions that support the 
generation of large photovoltages, and (photo)chemical stability under strongly oxidative 
conditions. In addition, photogenerated charge carriers must be efficiently separated in these 
materials and transported across their interfaces. At present, no single material possesses a 
suitable combination of properties to meet all of these requirements.[3] To overcome this 
critical materials gap, nanocomposite photoanode architectures are particularly attractive 
since they provide the opportunity to assemble different materials with combinations of 
desired properties into heterostructures with appropriate length scales to achieve improved 
functionality. Despite this promise, the internal mechanisms governing energetics and kinetics 
of charge separation and extraction in complex nanostructured materials are frequently 
unknown. Indeed, predictions of behavior derived from pure compound properties cannot 
account for emergent phenomena that govern function in many mixed phase nanosystems. In 
this work, we use a combination of X-ray and optical spectroscopic methods, together with 
PEC measurements, to probe fundamental charge transport and recombination pathways in 
heterostructured nanocomposites of titanium dioxide and bismuth vanadate (TiO2/BiVO4).  
Our approach is to directly probe optoelectronic processes in fully assembled systems, which 
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reveals significant deviations from predictions based on measurements of the individual 
material constituents.  In addition to resolving conflicting mechanistic assignments of 
function in TiO2/BiVO4 nanocomposites, this work establishes a general methodology for 
understanding charge transport and recombination pathways in complex semiconductor 
nanosystems.  Knowledge of such mechanisms will be critical for the rational design of a next 
generation of heterostructured nanocomposites for improved solar energy utilization.   
Among semiconductors investigated as photoanodes, transition metal oxides have attracted 
considerable interest due to their potential for improved stability relative to main group 
semiconductors under oxidative conditions. Monoclinic scheelite BiVO4 is a prototypical 
example of a transition metal oxide that possesses both desirable and undesirable properties 
for PEC energy conversion.[3, 5] It has a moderate bandgap of 2.5 eV and an energetically 
low-lying valence band position.[6, 7]  However, it suffers from exceptionally small majority 
carrier mobilities due to formation of electron small polarons,[8-10] photochemical 
instabilities associated with localization of holes near its surface,[11] and relatively slow 
injection of holes across the semiconductor/electrolyte interface. While incorporation of a 
catalyst on the surface can improve stability and increase OER activity, reducing photocarrier 
recombination in the material calls for strategies to promote physical charge separation and 
electron extraction.  
In recent years, significant progress has been made in improving the PEC performance 
characteristics of BiVO4 by interfacing it with larger bandgap metal oxides possessing 
favorable electron transport properties, typically in nanostructured composites.  Most notably, 
BiVO4/WO3 heterostructures have yielded large photocurrent densities, above 5.3 mA cm-2 at 
1.23 V vs. the reversible hydrogen electrode (RHE),[12] which approach the theoretical 
saturation current density limit of 6.2 mA cm-2 for a 2.5 eV bandgap semiconductor.  This 
improvement is expected based on the known band positions of the two materials, which 
allow for selective injection of electrons from the conduction band (CB) of BiVO4 into that of 
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WO3. In appropriately designed nanocomposites, electron injection can occur in the ps time 
regime, which suppresses recombination and enables photo-generated holes in BiVO4 to 
persist for times on the order of a second.[13]  
While photocurrent densities achieved with WO3/BiVO4 systems are impressive, the pH 
stability windows for WO3 and BiVO4 are not well matched, which could introduce additional 
degradation pathways, and WO3 is characterized by a very positive flatband potential, which 
could reduce the maximum achievable photovoltage from such assemblies.[14] As an 
alternative approach, a variety of studies have investigated nanocomposite heterostructures 
between BiVO4 and TiO2.[14-23] Such a system represents an interesting case in which basic 
predictions deviate significantly from functional characteristics. In particular, established 
band edge positions for pure BiVO4 and pure TiO2 should yield Type I band alignment, which 
would prevent electron injection from BiVO4 into TiO2.  The predicted result would be 
accumulation of photogenerated electrons and holes on the BiVO4 side of the interface and 
reduced PEC performance.  In stark contrast to this prediction, studies have frequently 
observed enhanced PEC activity in TiO2/BiVO4 heterostructures relative to the pure phase 
components.[14-23] The origin of this enhancement has been variously attributed to hot 
electron injection from BiVO4 to TiO2,[20] an unidentified defect-mediated charge transport 
pathway,[15] and the existence of unexpected Type II band alignment instead of the predicted 
Type I alignment.[14, 16-19] For example, Cheng and co-workers recently provided 
experimental evidence for Type II alignment in planar heterostructures between BiVO4 and 
rutile TiO2.[23] Meanwhile, other experimental studies have concluded that Type I band 
alignment is present and electron injection from BiVO4 to TiO2 does not occur.[21, 22] 
However, limited evidence for these mechanisms was provided in each of these studies and 
conclusions were often based on assumptions regarding properties of the isolated pure phase 
materials.  Despite the lack of consistent experimental conclusions and the discrepancy 
between prediction and observation, direct measurement of junction energetics and charge 
5 
 
transfer kinetics in fully assembled composites remains lacking.[24] Understanding the 
surprising behavior that emerges in TiO2/BiVO4 heterostructures is important for maximizing 
performance in this system and, more broadly, for identifying emergent phenomena in 
heterostructured nanocomposites that are expected to play a central role in meeting the 
demanding requirements associated with PEC energy conversion.  
2. Materials and methods 
Materials: Bismuth (III) chloride (98%) (BiCl3), vanadyl acetylacetonate (99.99%) 
(VO(acac)2), titanium tetrachloride, 1-octadecene (technical grade, 90%), oleic acid (technical 
grade, 90%) (OLAC) and oleylamine (technical grade, 70%) (OLAM) were purchased from 
Aldrich and used without further purification. 
Bi2O2.7/VOx synthesis: 3.17 mmol of BiCl3 was dispersed in 10 mL of OLAM in a 25 mL 
three-necked flask equipped with a condenser and a thermocouple held by a glass tube. The 
solution was continuously stirred and kept under vacuum for 1 h. The solution was then 
heated to 170 °C in the course of 15 min and then kept at that temperature for 1 h. During this 
entire time, it was necessary to keep a flow of N2 through the flask in order to obtain best 
results. After this time, the color of the BiCl3 solution turned from milky white to dark gray. 
A solution of 1.27 mmol of VO(acac)2 in 1 mL of OLAM was then swiftly injected into the 
flask. The solution turned black after injection and the nanocrystals were allowed to grow for 
30 min at 250 °C. The reaction was then quenched with cold hexane. Unsolubilized materials 
were removed by centrifugation, and ethanol was added dropwise to the supernatant until it 
became turbid. The mixture was centrifuged, the supernatant discarded, and the precipitated 
nanoparticles redispersed in hexane. 
TiO2 branched nanorods synthesis: TiO2 NRs were obtained following the procedure reported 
by R. Buonsanti et al.,[25] 3 g of 1-octadecene, 3 mmol of OLAM and 11 mmol of OLAC 
were loaded in a three-neck flask and degassed at 120 °C for 45 min, after which the mixture 
was cooled down to 50 °C under N2 flow. At this point, 1 mmol of titanium tetrachloride 
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dissolved in 1 mL of 1- octadecene was added and the flask was heated up to 290 °C at a 
ramp rate of 25 °C min−1. After heating for 1 h at 290 °C, the reaction was stopped. 
Nanocomposite electrode preparation: First, different nanocomposite mixtures were prepared 
by mixing the TiO2 NRs or Al2O3 NCs (purchased from Aldrich (20 wt.% in isopropanol)) 
with Bi2O2.7/VOx heterodimers (both in hexane solution) in a weight ratio of 1:1. The Al2O3 
NCs were removed from the original solvent by centrifugation and re-dispersed in hexane, 
resulting in well-dispersed NCs of around 50 nm in size. The as prepared mixtures were 
stirred for 2 h to ensure a good mixing. After that, the electrodes were fabricated on FTO 
using a layer-by-layer technique. 50 μl of nanocomposite suspension was spin-coated at 700 
rpm for 45 s. The film was then annealed at 500 °C for 10 min. The sequence was repeated to 
achieve a film thickness of 200 nm. Pure BiVO4 and pure TiO2 films were prepared following 
the same procedure. Excess of V2O5 present in the BiVO4 electrodes was removed by soaking 
them in 1M NaOH solution for 30s with gentle stirring. The resulting electrodes were rinsed 
with DI water and dried. 
Photoelectrochemical measurements: Photoelectrochemical performance characteristics of 
photoanodes were evaluated in a typical undivided three-electrode configuration using a CHI 
604D Potentiostat/Galvanostat. The light source was an AM 1.5 solar simulator (Solar Light 
Co, Inc. model XPS 300) with the illumination intensity adjusted to 100 mW/cm2. All 
illuminated areas were approximately 0.2 cm2. Photocurrent measurements were performed in 
a 1 M potassium phosphate buffer solution (pH 6.8) with 0.1 M sodium sulfite (Na2SO3) as a 
hole scavenger. Photocurrents were monitored while sweeping the potential to the positive 
(anodic) direction with a scan rate of 10 mV/s. A set of 5 photoelectrodes was tested for each 
studied structure. While all measurements were carried out using a Ag/AgCl (4M KCl) 
reference electrode, all results in this work are presented against the reversible hydrogen 
electrode (RHE) for ease comparison with other papers that use electrolytes with different pH 
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conditions. The conversion between potentials vs. Ag/AgCl and vs. RHE is performed using 
the following equation: 
𝐸 (𝑣𝑣. RHE) = 𝐸 (𝑣𝑣. Ag AgCl⁄ ) + 𝐸Ag AgCl⁄ (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) + 0.0591 𝑉 × 𝑝H      (1) 
with EAg/AgCl (reference) = 0.1976 V vs. NHE at 25 °C 
Incident photon-to-charge conversion efficiency (IPCE) was measured using an home built 
setup. A Newport 150W Xe lamp and an Oriel Cornerstone 1/8 m monochromator with 1.5 
mm slits, yielding a spectral resolution of better than 0.5 nm was used as a light source. A 
beam splitter, together with a Thorlabs FDS1010-CAL calibrated Si photodiode, was used to 
monitor the intensity of the monochromatic output during the measurement. In order to ensure 
accurate measurement, the incident light spot under-filled both the sample and reference diode. 
A Gamry Reference 600 potentiostat was used in combination with a three-electrode 
electrochemical cell to maintain the sample at the reported potentials and to measure the 
current of the photoanode. The IPCE was then calculated based on the following formula: 
    𝐼𝐼𝐼𝐸 (%) = 1240×𝐽𝑝ℎ
𝐼𝑖×𝜆 × 100            (2) 
where Jph is the measured photocurrent density in mA/cm2, Ii is the incident light intensity in 
mW/cm2, and λ is the incident photon wavelength in nm. 
Trasmission electron microscopy (TEM): TEM was carried out on JEOL 2100F microscope 
operating at 200 kV. Samples were prepared by drying a drop of hexane solution containing 
the NCs on the surface of a carbon-coated copper grid (Ted Pella, Inc.) or by gently 
scratching the nanocomposite film with the grid. 
Wide-angle XRD: XRD was performed using a Bruker D8-Advanced X-ray diffractometer 
equipped with a GADDS area detector operating at Cu-Kα wavelength of λ= 1.54 Å. Samples 
were prepared by drop casting NCs on silicon substrates. 
X-ray photoelectron spectroscopy (XPS): XPS was performed using a monochromatized Al 
Kα source (hν = 1486.6 eV), operated at 15 W, on a Kratos Axis Ultra DLD system at a 
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takeoff angle of 0° relative to the surface normal and a pass energy for narrow scan spectra of 
20 eV, corresponding to an instrument resolution of approximately 600 meV.  
Transient absorption spectroscopy (TAS): Measurements were conducted on thin films 
formed on quartz substrates. The pump beam was produced by a Coherent Libra (Coherent, 
CA, USA) laser coupled to a Coherent OPerA Solo optical parametric amplifier (OPA). The 
output was directed to the sample as the excitation pump, with a wavelength of 350 nm, pulse 
duration of 150 fs, repetition rate of 1 kHz, pulse energy of 700 nJ, and beam diameter of 0.3 
mm at the sample. For measurements in the sub-ns time regime, the white light probe pulse 
was produced by directing a portion of the 800 nm fundamental output from the Ti:sapphire 
laser through a delay stage and onto a CaF2 crystal, which was continuously translated to 
prevent beam damage. The transient absorption measurement system was produced by 
Ultrafast Systems.  
For TAS measurements in the ms-s time regime, a custom setup was used.  The samples were 
pumped with a 355 nm Nd:YAG laser at a repetition rate of 1 Hz and a power of 4 mJ cm-2, 
generated by a Minilite II system (Continuum, USA). For probe light was produced by a 
quartz tungsten halogen lamp (250W, Newport Corporation, USA) and the wavelength was 
selected with a CS260 monochromator (Newport Corporation, USA). The light transmitted 
through the sample was detected by a Si avalanche photodetector (APD120A2, Thorlabs Inc., 
USA). To filter unwanted stray light, the photodiode was mounted at the exit of a MS257 
monochromator (Newport Corporation, USA) set to the same wavelength as the 
monochrometer. The diode signal was amplified by a low noise voltage preamplifier (SR560, 
Stanford Research Systems Inc., USA) and recorded with a DPO4054 oscilloscope (Tektronix 
Inc., USA) triggered with respect to the laser pulses. A total of 2500 transients were recorded 
and averaged for each measurement. Finally, the data was averaged logarithmically in time. 
Photoluminescence (PL): PL measurements were performed on a custom-built setup. 
Temperature control was achieved using a 10 K closed cycle He cryostat (Janus Research 
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Company, Wilmington, MA, USA) equipped with a temperature controller (Model 335, Lake 
Shore Cryotronics, Inc., Westerville, OH, USA). PL spectra were recorded using an Andor 
spectrometer equipped with a 600 lines mm-1 grating with 500 nm blaze under 340 nm 
excitation using a Coherent OPerA Solo optical parametric amplifier pumped with a Coherent 
Libra amplified Ti:S system. Wavelength calibration was performed with a Hg calibration 
lamp and correction for the spectral response of the setup was achieved using a 45 W NIST-
traceable quartz tungsten halogen light source with known color temperature.  
 
3. Results and Discussion 
3.1. Formation of Heterostructured TiO2/BiVO4 Nanocomposite Films 
Recently, we reported a versatile approach to formation of multicomponent oxides, as well 
as heterostructured nanocomposites composed of different metal oxide semiconductors.[13] 
Here, we take advantage of the synthetic flexibility afforded by this method to fabricate and 
characterize nanocomposite films comprising monoclinic BiVO4 nanocrystals (NCs) and 
anatase TiO2 branched nanorods (NRs). Complete synthesis details are provided in the 
Supporting Information. In brief, Bi2O2.7/VOx NC heterodimers, approximately 20 nm in size 
(Figure 1a), were formed using a seed-mediated colloidal growth process. Hexane solutions 
containing a 50/50 weight ratio of these heterodimers and TiO2 NRs, which were 
approximately 30-50×120 nm in size (Figure 1b), were spin-coated onto desired substrates. 
After annealing the Bi2O2.7/VOx heterodimer/TiO2 nanocomposite film in air at 500 °C for 
only 10 min, monoclinic BiVO4 was formed and the TiO2 NR morphology was preserved. 
Figure 1c shows a representative transmission electron micrograph (TEM) of the resulting 
TiO2/BiVO4 nanocomposites, showing that there is an intimate contact between the TiO2 and 
BiVO4 domains. For reference purposes, pure films of BiVO4 and of TiO2 NRs were also 
synthesized.  X-ray diffraction (XRD) data, shown in Figure 1d, confirm the presence of 
monoclinic scheelite BiVO4 and anatase TiO2 in each of the corresponding reference films 
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and of only these two phases in the heterostructured nanocomposite. No apparent peak shift of 
the monoclinic BiVO4, which would indicate Ti-bulk alloying, was observed in the XRD 
pattern of the composite.  While this does not eliminate the possibility of low concentration Ti 
incorporation in BiVO4, previous work by Bard and co-workers found no significant change 
of PEC characteristics from Ti-incorporated BiVO4, suggesting that Ti does not act as an 
electronically active dopant in BiVO4.[26] The use of pre-crystallized building blocks allows 
for much shorter annealing times compared to other methods, which preserves the nanoscale 
dimensions of both components with minimal ripening or interdiffusion. For comparative 
studies of interfacial charge transfer processes, heterostructured nanocomposite films 
composed of BiVO4 and Al2O3 NCs were also fabricated. 
 
3.2. Photoelectrochemical Performance Characteristics 
The PEC performance characteristics of nanocomposite film, along with the pure 
component films, deposited on degenerately-doped p++ Si were evaluated by measuring the 
photocurrent density as a function of applied electrochemical potential (J-E), as shown in 
Figure 2a. A comparison of illuminated and dark J-E curves is provided in the Supporting 
Information (Figure S1).  Measurements were conducted under simulated AM1.5G solar 
irradiation at 100 mW cm-2 and in the presence of 0.1 M Na2SO3 as a hole scavenger. The 
presence of a hole scavenger in the solution enables determination of the inherent 
performance of these nanocomposites without convoluting the potentially variable catalytic 
activities of their surfaces or needing to incorporate a separate water oxidation catalyst, which 
is beyond the scope of this work. Comparison of the J-E characteristic from a pure phase 
BiVO4 film with that of the mixed TiO2/BiVO4 nanocomposite film reveals an approximate 
doubling of the photocurrent in the heterostructured nanocomposite at 1.23 V vs. RHE, while 
the pure TiO2 film exhibited comparatively negligible photocurrent. The onset potential for 
photoanodic current from the TiO2/BiVO4 nanocomposites was very close to that of the pure 
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BiVO4 film, suggesting that photoholes are mainly transferred from the BiVO4 valence band 
to the sulfite. However, while the TiO2/BiVO4 nanocomposite shows significantly enhanced 
photocurrent densities at more anodic potentials, its performance at low potentials (<0.8 V vs. 
RHE) is comparable to the pure BiVO4 film. This behavior suggests that photocarrier 
recombination at BiVO4/TiO2 interfaces is significant, but is suppressed by the enhanced 
driving force for photocarrier separation at higher potentials. Such a behavior is commonly 
observed in nanostructured photoanodes [27] and is also consistent with the observation of 
radiative recombination at interfaces obtained from PL results discussed below. These results 
are consistent with previous findings from TiO2/BiVO4 heterostructures, in which PEC 
performance characteristics have been observed to improve in composites, despite the 
unfavorable band alignment predicted by considering the energetics of each semiconductor in 
isolation.[28-33]  The photocurrents obtained here are lower than the highest reported for 
BiVO4 by a factor of approximately four.[34] While BiVO4 is one of the best-performing 
metal oxide photoanode materials,[3] it is important to note that the present work is devoted 
to foundational understanding of interfacial energetics and charge transfer processes and we 
have not attempted to optimize film thickness, phase ratio, or component length scales. Given 
the modular and tunable nature of this synthetic route to heterostructured nanocomposites, 
there is significant future opportunity for improving function. 
In agreement with the J-E characteristics, the incident-photon-to-charge efficiency (IPCE), 
measured at an applied electrochemical bias of 1.23 V vs. RHE, was also observed to 
approximately double in the TiO2/BiVO4 nanocomposites, with a maximum IPCE of 30% at a 
wavelength of 430 nm (Figure 2b). Despite changes of efficiency, the spectral shape of the 
IPCE curves obtained from pure BiVO4 and from TiO2/BiVO4 nanocomposites are nearly 
identical. Based on this finding, the previously suggested hot carrier model for electron 
injection from the CB of BiVO4 to the CB of TiO2 with Type I band alignment,[20] is highly 
unlikely. In such a scenario, the charge transfer would only occur if photogenerated electrons 
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were excited to higher energies in the CB of BiVO4 and were to transfer before relaxation to 
the CB edge. Due to the additional energy required to overcome such an energy barrier at the 
interface, it would be expected that a hot carrier-based mechanism would lead to an additional 
step-like increase of IPCE at shorter wavelengths, which is not observed experimentally.  
Furthermore, we note that for such a Type I band alignment, back electron transfer from TiO2 
to BiVO4 would be energetically favored and would compete with electron extraction to the 
underlying electrical contact. Together, the J-E and IPCE characteristics suggest Type II band 
alignment in the nanocomposite film, in contrast to initial expectations based on literature 
values for the electron affinities of the two materials.  
3.3. Interface Energetics in Nanoscale Composites 
In order to understand the mechanism of PEC performance enhancements in the 
TiO2/BiVO4 nanocomposites, we performed X-ray photoelectron spectroscopy (XPS) and 
contact potential difference (CPD) measurements. These measurements were first applied to 
the pure phase reference films in order to provide a basis for comparing traditional predictions 
to direct measurements of TiO2/BiVO4 interface energetics in nanocomposites. To this end, 
BiVO4 NC and TiO2 NR films were prepared on highly doped p++ Si substrates. Figure 3a 
shows valence band spectra obtained from these films, along with the reference spectrum of a 
clean p++ Si sample. The measured spectra yield valence band edges of 1.9 eV and 2.2 eV 
below the Fermi level for the BiVO4 and TiO2 films, respectively. Given the well-known band 
gaps of BiVO4 (2.5 eV) and anatase TiO2 (3.2 eV), these results indicate that the as-
synthesized semiconductor films are n-type, with Fermi levels positioned at 0.6 eV and 1.0 eV 
below the conduction band edges, respectively. While the materials were not intentionally 
doped, this n-type character is likely due to the presence of oxygen vacancy defects in both 
materials and unintentionally incorporated hydrogen may also contribute to doping of the 
BiVO4.[35-37] To predict the relative energy level alignment between the two oxides, the 
work functions were determined with respect to a Au probe via CPD. Calibration of work 
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function values was achieved by measuring the CPD of the Au probe relative to a freshly-
cleaved highly oriented pyrolytic graphite (HOPG) sample, whose work function was taken to 
be 4.5 eV in accordance with prior literature.[38] Work functions of 4.4 eV and 4.2 eV, which 
imply electron affinities of 4.0 eV and 3.8 eV, were measured for the BiVO4 and TiO2 
samples, respectively. While these electron affinity values are smaller than anticipated based 
on previous studies, we note that surface energetics are strongly sensitive to the presence of 
adsorbates, surface termination-induced dipoles, and exposed facets. This leads to a broad 
range of measured values; the electron affinity of BiVO4 has been reported to lie in the range 
of 4.4 – 4.8 eV,[28-30] whereas that of anatase TiO2 has been reported to lie in the range of 
4.0 – 5.1 eV.[31-33]  Nevertheless, the difference of electron affinity values between the two 
materials measured here is in agreement with most prior reports, from which a Type I band 
alignment at their interface would be predicted. However, such an energetic alignment would 
be expected to reduce PEC performance and cannot account for the enhanced J-E and IPCE 
characteristics shown in Figure 2. 
Considering that both the BiVO4 and TiO2 used in this study are moderately n-type, 
depletion widths associated with heterojunction formation would be significantly larger than 
the nanoparticle dimensions. Furthermore, annealing of the assembled heterostructured 
nanocomposites is expected to strongly modify the interfacial properties. As such, it is not 
possible to accurately describe the band alignment from measurement of the pure materials in 
isolation. Nevertheless, we note that ideal heterojunctions between bulk equivalents of these 
materials should be characterized by downward (upward) band bending on the BiVO4 (TiO2) 
side of the interface. As a consequence, barriers to both electron and hole injection from 
BiVO4 to TiO2 would be expected.   
Since this predicted band alignment is not consistent with functional PEC characteristics of 
the heterostructured materials, we sought to investigate interfacial charge transfer in the 
assembled nanocomposites. To this end XPS was performed on TiO2/BiVO4 nanocomposite 
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films in darkness and under photoexcitation. Figure 3b,c shows Ti 2p and Bi 4f core level 
spectra obtained from pure phase materials compared to the nanocomposite assemblies. 
Spectra of the pure nanoparticle films are consistent with the presence of dominant Bi3+ 
(Figure 3c) and V5+ (Figure S2) in BiVO4 and Ti4+ (Figure 3b) in TiO2, as expected. Core 
level peak shapes are preserved in the composite, suggesting no significant local oxidation 
state changes in either of the components. However, significant shifts of the binding energies 
are observed for the heterostructured nanocomposite film. Compared to the pure BiVO4 film, 
both the Bi 4f and V 2p core levels were shifted by approximately +0.40 eV in the 
nanocomposite. At the same time, an opposite shift of -0.34 eV was observed for the Ti 2p 
core level compared to the pure TiO2 nanoparticle film. These data allow for direct 
determination of the interfacial band alignment in the heterostructured nanocomposite film. In 
particular, the valence band offset, Δ𝐸𝑣, can be calculated according to:[31, 39-42] 
Δ𝐸𝑣 = Δ𝐸𝐵 + �𝐸Ti 2𝑝3/2TiO2 − 𝐸𝑣TiO2� − �𝐸Bi 4𝑓7/2BiVO4 − 𝐸𝑣BiVO4�,    (3) 
where the �𝐸Ti 2𝑝3/2TiO2 − 𝐸𝑣TiO2� is the difference between the Ti 2p3/2 core level binding energy 
and the valence band onset in the pure phase TiO2 film and �𝐸Bi 4𝑓7/2BiVO4 − 𝐸𝑣BiVO4�  is the 
difference between the Bi 4f7/2 core level binding energy and the valence band onset in the 
pure BiVO4 film. The quantity Δ𝐸𝐵 = �𝐸Bi 4𝑓7/2composite − 𝐸Ti 2𝑝3/2composite�  is the binding energy 
difference between the Bi 4f7/2 core level and the Ti 2p3/2 core level in the heterostructured 
nanocomposite. Importantly, this analysis only relies on energy differences in individually 
analyzed samples, so it is independent of the Fermi level position and directly yields the 
valence band offset in the nanocomposite film.[39-41] We note that analysis using the V 2p3/2 
core level positions, rather than the Bi 4f7/2, provided nearly identical results to within the 
uncertainty of the measurement.  Given the valence band offset, measured by XPS using the 
nanocomposite film itself, along with the bandgaps of BiVO4 and TiO2, it is possible to 
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establish a complete portrait of the interfacial band alignment, as shown in Figure 4.  In 
contrast to the prediction of Type I band alignment derived from pure phase measurements 
(Figure 4a), we find Type II band alignment with a valence band offset, Δ𝐸𝑣, of ~1.5 eV and a 
conduction band offset, Δ𝐸𝑐, of ~0.8 eV (Figure 4b).   
The measured band alignment reveals that photocarrier separation across the TiO2/BiVO4 
interface is energetically favorable, with accumulation of holes in BiVO4 and electrons in 
TiO2. This finding is consistent with the observed enhancement in PEC characteristics of 
nanocomposite films. Importantly, these results can be entirely explained with the natural 
band alignment, without need to invoke alternate mechanisms.  Further confirmation of this 
energetic alignment was obtained from XPS measurements under illumination with a 405 nm 
laser, which drives band-to-band excitation in BiVO4 but not in TiO2. Upon illumination, the 
Ti 2p core level shifts by approximately -0.19 eV relative to the dark measurement, as shown 
in Figure 3b. In contrast, the Bi 4f core levels shift by approximately +0.15 eV relative to its 
value in darkness (Figure 3c). These shifts are indicative of electron transfer from BiVO4 to 
TiO2, in which the reduced (increased) electron density in the BiVO4 (TiO2) would decrease 
(increase) electron screening and increase (decrease) the binding energy under 
illumination.[43-46] Therefore, these shifts observed under photoexcitation are consistent 
with the energetic alignment (Figure 4b) and resulting accumulation of positive charge within 
BiVO4 and negative charge in TiO2. 
3.4. Defects and Photocarrier Recombination 
Photoluminescence (PL) spectroscopy was used to provide additional insight into charge 
transfer and recombination in TiO2/BiVO4 nanocomposites. We note that, although analyses 
of PL intensities are commonly used to draw conclusions regarding charge separation and 
extraction, significant care must be taken when comparing absolute intensities measured from 
different films and particle assemblies. To avoid erroneous interpretations, we focus on 
changes of PL spectral weight and features, rather than absolute intensity changes. PL 
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measurements were performed on films of pure TiO2, pure BiVO4, and TiO2/BiVO4 
nanocomposites. Room temperature PL was weak from all films, indicating that photocarrier 
recombination is dominated by non-radiative transitions. Therefore, all measurements were 
performed at 13 K.  
Figure 5 shows normalized PL spectra obtained using a 340 nm (3.65 eV) pump beam, 
which allows band-to-band excitation in both TiO2 and BiVO4. In the pure TiO2 film, three 
major peaks, centered at approximately 440 nm, 500 nm, and 540 nm, are observed (Figure 
S3). These spectral features are consistent with prior reports of PL from anatase TiO2 and can 
be assigned to radiative recombination of self-trapped excitons in the bulk (440 nm) and of 
surface-trapped holes with conduction band electrons (500 nm, 540 nm).[47, 48] Very little 
spectral intensity is observed near 650 nm, which would be the expected position for radiative 
recombination of surface-trapped electrons with valence band holes.[47, 48]  For the case of 
the pure BiVO4 film, a broad peak near 700 nm is observed, which has been assigned to 
radiative recombination at bulk oxygen vacancy sites.[36]   
PL from the TiO2/BiVO4 nanocomposite film is characterized by broad spectral emission. 
The spectrum is dominated by emission from surface-trapped electrons (490 – 570 nm) and 
holes (650 nm) at TiO2 surfaces or interfaces. Importantly, the relative PL intensity from 
radiative recombination of self-trapped excitons within the TiO2 and from oxygen vacancy 
defects within the BiVO4 is significantly suppressed relative to recombination at surfaces or 
interfaces.  This finding is consistent with the experimentally-determined band alignment, 
which favors charge separation in both components of the nanocomposites, with electrons 
from BiVO4 injected into TiO2 and holes from TiO2 injected into BiVO4.  The apparent 
suppression of PL emission from inside of the nanoscale materials highlights the benefit of 
creating a heterostructured system to separate charge carriers before recombination can occur.  
However, the recombination processes associated with trapped electrons and holes at 
interfaces directly contribute to efficiency loss in the assembled system.  Such loss processes, 
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which are consistent with the finding of relatively low IPCE values, point to future 
opportunities for engineering interfaces in order to improve efficiency. 
3.5. Charge Transfer and Recombination Kinetics 
In order to investigate the kinetics of charge separation and recombination, transient 
absorption (TA) spectroscopy was performed on BiVO4-based nanocomposites and results 
were compared to pure BiVO4 nanoparticle films. For reference, steady-state UV-Vis 
absorption spectra are provided in the Supporting Information (Figure S4). We note that no 
significant TA response was observed from pure TiO2. In addition, an Al2O3/BiVO4 
nanocomposite control sample, in which no interfacial charge transfer is expected, was 
measured for comparison and to evaluate the role of interfacial recombination in 
nanocomposites. Figure 6a shows kinetic TA traces in the ps time range from the BiVO4, 
Al2O3/BiVO4, and TiO2/BiVO4 films, all deposited on fused silica substrates. Measurements 
were performed using a 350 nm (3.54 eV) pump beam, which corresponds to a photon energy 
above the bandgap of BiVO4 and TiO2, and analyzed at a probe wavelength of 475 nm, where 
the BiVO4 has a maximum signal intensity. The resulting signal arises from the photoexcited 
state of the material and its evolution provides insight into relaxation processes that occur at 
ultrafast time scales. As previously reported by us,[13] the photocarrier relaxation dynamics 
for the pure BiVO4 nanoparticle film and the Al2O3/BiVO4 nanocomposite are nearly identical 
to one another, with minimal relaxation from the initial photoexcited state after 1 ns (Figure 
6a). This result is consistent with the expectation that Al2O3 presents a large energy barrier for 
transfer of both electrons and holes.  
The ultrafast dynamics of photoexcited TiO2/BiVO4 nanocomposites differ significantly 
from those of the pure BiVO4 and from Al2O3/BiVO4 nanocomposites. In particular, an 
additional fast component, with a time constant of 11 ps, is observed and accounts for a decay 
of 35% of the total TA amplitude within the first 50 ps. The emergence of this additional 
kinetic channel is similar to prior results from WO3/BiVO4 nanocomposites, in which electron 
18 
 
injection from BiVO4 to WO3 occurs in the same time range.[11] As discussed above, 
previously predicted Type I band alignment at the TiO2/BiVO4 interface would not favor such 
a charge transfer process. However, these TA results are consistent with the unpredicted, yet 
experimentally established, Type II band alignment (Figure 4b), in which electron injection 
from BiVO4 to TiO2 is energetically favorable.  
Efficient charge separation relies on rapid electron extraction, which competes directly with 
photocarrier recombination. In the present case, the nanoscale domains promote fast charge 
injection, as indicated by the 11 ps time constant. While this pathway appears to compete 
favorably with much slower photocarrier recombination channels in BiVO4 and on its 
surfaces, it only accounts for a 35% reduction of the TA amplitude. This suggests that 
electron injection, though fast, is not optimally efficient. From a functional standpoint, this 
finding is also consistent with the observation of a maximum IPCE below 30% and defect-
related PL, suggesting that additional engineering of the nanocomposite, such as varying the 
nanoscale component ratio and/or relative surface to volume ratios, could yield considerable 
performance improvements. While the specific factors that limit charge injection efficiency 
are not currently known, we note that it has been shown that electron small polarons, rather 
than delocalized conduction band electrons, are the dominant majority carriers in n-type 
BiVO4.[8-10] Although the time scales associated with polaron formation are not yet well 
established in this material, it is likely that electron injection across the TiO2/BiVO4 interface 
also competes with electron self-trapping. These polarons, which are characterized by electron 
localization at V lattice sites, possess energetic levels that are relatively deep below the CB 
edge. As a consequence, the band diagram shown in Figure 4b may not capture all relevant 
energetics and the driving force for electron transfer from BiVO4 to TiO2 may be reduced – or 
even eliminated – upon polaron formation. While a detailed study of polaron properties is 
outside the scope of the present work, future progress in advancing such systems will benefit 
greatly from such information. 
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Charge separation via electron transfer across the TiO2/BiVO4 interface is expected to 
dramatically reduce electron-hole recombination rates, thereby increasing the lifetimes of 
photogenerated holes that are responsible for driving oxidation reactions. Such processes 
should result in the enhanced PEC performance characteristics, as observed for the 
nanocomposite films. While the TA measurements described above provide insight into the 
initial charge transfer event, which occurs on ps time scales, understanding the kinetics 
associated with relaxation of the charge-separated state to the ground state requires probing at 
much longer time scales.  Therefore, we performed an additional set of TA measurements in 
the ms - s time range, which is also the regime that is most relevant for driving chemical 
reactions. The evolution of TA amplitudes were probed at a wavelength of 550 nm, which has 
been previously determined to be in a spectral region dominated by holes in BiVO4.[49]  As 
shown in Figure 6b, nearly identical relaxation kinetics are observed for the pure BiVO4 and 
the Al2O3/BiVO4 nanocomposites, with complete decay to the ground state within 10 ms.  By 
contrast, photohole lifetimes are dramatically longer in TiO2/BiVO4 nanocomposites, with TA 
intensity persisting to beyond 1 s. This result provides further confirmation of effective charge 
separation in heterostructured nanocomposites, enabled by the unexpected Type II band 
alignment at interfaces between BiVO4 and TiO2.  These longer lifetimes correspond to 
suppressed photocarrier recombination, which results in a higher probability for 
photogenerated holes in BiVO4 to cross the semiconductor/electrolyte interface. As a 
consequence, PEC performance characteristics are significantly improved, as evidenced by 
the approximate doubling of the photocurrent density and the IPCE in nanocomposite films. 
4. Conclusion 
We have demonstrated that heterostructured TiO2/BiVO4 nanocomposites exhibit enhanced 
photoelectrochemical performance relative to the pure phase components and found that this 
behavior arises from unpredicted interfacial energetic alignment that promotes the formation 
of long-lived charge separated states. In particular, both the nanocomposite and the pure 
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components were investigated by a combination of X-ray and optical spectroscopies in order 
to understand the basic mechanisms contributing to these functional characteristics. An 
attempt to characterize interface energetics based on pure phase materials led to an 
expectation of Type I band alignment, which should inhibit charge separation and reduce PEC 
surface reactions. In stark contrast, X-ray photoelectron spectroscopy on fully assembled 
nanocomposites revealed that Type II band alignment arises due to interfacial interactions that 
could not be predicted from the properties of the individual materials. Photo-induced charge 
transfer across nanoscopic TiO2/BiVO4 interfaces was confirmed by the suppression of bulk 
recombination pathways, as measured by photoluminescence spectroscopy.  Furthermore, 
quantification of photocarrier kinetics via ultrafast transient absorption spectroscopy 
confirmed that competition between interfacial charge transfer and recombination favors 
selective electron injection from BiVO4 to TiO2. This physical separation of charge carriers 
was found to significantly reduce photocarrier recombination rates, with photoexcited holes 
persisting to times as long as 0.1 – 1 s, a range that is well matched to the natural time scales 
for chemical reactions. These results resolve apparent contradictions between a number of 
prior studies on TiO2/BiVO4 interfaces, in which functional performance has been explained 
by invoking differing mechanisms, including hot carrier transfer, defect-mediated transport, 
and both Type I and Type II band alignment. These discrepancies arise from analyzing 
heterostructure behavior based on the properties of isolated component materials. However, 
the methodology and analysis presented here allows for identification of emergent phenomena 
when different materials are combined at the nanoscale. As such, this work highlights the 
importance of synergistic materials interactions in improving solar energy conversion 
efficiencies and provides insights that can aid in the design of functional nanocomposites. 
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Figures 
 
 
 
Figure 1. Transmission electron microscopy (TEM) images of (a) Bi2O2.7/VOx nanocrystal 
(NC) heterodimers, (b) TiO2 branched nanorods (NR), and (c) TiO2/BiVO4 nanocomposites. 
(d) X-ray diffractograms from pure BiVO4 nanocrystals (red), pure TiO2 NRs (black), and 
TiO2/BiVO4 nanocomposites (blue). Also shown are the reference diffraction peak positions 
for pure phase anatase TiO2 (black) and monoclinic scheelite BiVO4 (red). 
 
 
 
 
Figure 2. (a) Photocurrent density as a function of applied electrochemical potential for pure 
TiO2 (black), pure BiVO4 (red), and TiO2/BiVO4 nanocomposites (blue). (b) Incident-photon-
to-charge efficiency (IPCE) as a function of wavelength for pure BiVO4 (red) and 
TiO2/BiVO4 nanocomposites (blue). 
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Figure 3. X-ray photoelectron spectra of (a) the valence band onsets for the pure TiO2 and 
BiVO4 films, as well as a p++ Si reference sample, (b) the Ti 2p3/2 core level region in both 
pure TiO2 and the TiO2/BiVO4 nanocomposite in darkness and under illumination, and (c) the 
Bi 4f core level in pure BiVO4 and the TiO2/BiVO4 nanocomposite in darkness and under 
illumination. The spectra obtained under illumination in (b) and (c) were acquired with a 405 
nm laser aligned to the XPS analysis location. 
 
 
Figure 4. Interfacial band alignment. (a) Type I band alignment as predicted from pure phase 
measurements. (b) Type II band alignment obtained by photoemission measurements on the 
mixed nanocomposite. CB: conduction band, VB: valence band, CL: core level, ΔECB: 
conduction band offset, ΔEVB: valence band offset. 
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Figure 5. Normalized photoluminescence spectra measured on pure phase and mixed 
materials showing a suppression of bulk relative to surface recombination pathways relative 
in the nanocomposite (pump beam λ = 340 nm). 
 
 
Figure 6. (a) Transient absorption decay response in the ps time scale (excitation pulse λ = 
350 nm, transient signal probed at 475 nm) of TiO2/BiVO4 and Al2O3/BiVO4 nanocomposites 
compared with the pure BiVO4 thin film. (b) Transient absorption decay traces of different 
nanocomposites in the ms time scale (excitation pulse λ= 355 nm, transient signal probed at 
550 nm). 
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